The innate immune defense toward microorganisms is largely dependent on neutrophil granulocytes. The neutrophil effector functions include the production of oxygen radicals that have bactericidal functions as well as being potentially tissue destructive (3) . Hence, tight regulation of the radical-producing enzyme system, the NADPH oxidase, is critical for mounting an effective defense against infection without destroying surrounding tissues.
Most studies of neutrophil activation use cells isolated from peripheral blood. However, neutrophils act in vivo mainly after exudation from the bloodstream. Concomitant with extravasation, the cells become primed (i.e., hyperresponsive) with respect to the NADPH oxidase activity induced by inflammatory mediators, e.g., the chemoattractant formylmethionyl-Leu-Phe (fMLF) (17) . Similarly, galectin-3, an endogenous, lactosebinding lectin, activates the NADPH oxidase in exudated but not peripheral blood neutrophils (22) . In addition to having stimulating effects on immune cells, galectin-3 is released in large amounts from activated macrophages and mast cells (27, 28, 39) , supporting its participation in inflammatory processes, potentially as an inflammatory mediator. For a review on galectin-3 and its biological functions, see reference 26 .
The priming phenomenon has been described for many settings in neutrophil activation processes, prominent examples being the effect of bacterial lipopolysaccharide (LPS) and the adhesion-related priming of tumor necrosis factor-induced responses (35) . Many priming mechanisms have been suggested, and it is reasonable to believe that different mechanisms, alone or in combination, may be the cause of different priming events (9, 14, 20) . Neutrophils having encountered bacterial LPS are primed with respect to oxidative response; i.e., LPS per se does not activate the NADPH oxidase but induces hyperresponsiveness to other stimuli, such as fMLF (13, 19, 43, 45) . The prevailing views propose that the mechanism for this LPS priming involves alterations of intracellular signaling (e.g., changed levels of various second messengers) and/or direct effects on the NADPH oxidase (19) . We have recently proposed that one important mechanism behind the primed state induced during neutrophil extravasation is the mobilization of intracellular granules, endowing the plasma membrane with granule membrane proteins (22) . Such mobilization of specific receptors could explain priming vis-à-vis fMLF and galectin-3, respectively.
To shed further light on this issue with regard to LPS priming, we have investigated the effect of LPS on the neutrophil response to galectin-3 and the concomitant mobilization of granules. The data suggest that LPS priming is sufficient to induce galectin-3 responsiveness and that gelatinase granule mobilization (accompanied by receptor upregulation) is a major cause for the galectin-3 responding state. We also show that receptor mobilization is a plausible explanation for the LPSinduced priming of the neutrophil response to fMLF.
MATERIALS AND METHODS
Isolation of human neutrophils. Neutrophils were isolated from buffy coats from healthy blood donors by using dextran sedimentation and Ficoll-Paque gradient centrifugation (8) . The cells were washed and resuspended (10 7 /ml) in Krebs-Ringer phosphate buffer containing glucose (10 mM), Ca 2ϩ (1 mM), and Mg 2ϩ (1.5 mM) (KRG; pH 7.3). This procedure allows for cells to be isolated with minimal mobilization effects (1) .
Neutrophil cytoplasts were prepared according to the method of Roos et al. (37) as described earlier (10) .
Priming with LPS. LPS from Escherichia coli serotype O111:B4 was dissolved in KRG to 1 mg/ml and sonicated to prepare a homogeneous solution. Cells (10 7 /ml) were incubated in the presence or absence of LPS (10 g/ml [a relatively high concentration required to induce priming in the absence of serum]) at 4 or 37°C for 30 min and were then directly used for NADPH oxidase activation studies or marker analysis.
Preparation of galectin-3. Recombinant human galectin-3 was produced in E. coli and purified as previously described (31) . The lectin was stored at 4°C in phosphate-buffered saline (pH 7.2) containing lactose (150 mM). When used, the lectin preparation was applied to a gel filtration column (PD10; Pharmacia, Uppsala, Sweden) in order to remove lactose and was diluted to 400 g/ml in KRG.
Neutrophil NADPH oxidase activity. Superoxide anion production by the NADPH oxidase was determined using a luminol/isoluminol enhanced chemiluminescence (CL) system (12) . CL activity was measured in a six-channel Biolumat LB 9505 (Berthold Co., Wildbad, Germany), using disposable 4-ml polypropylene tubes with a 0.90-ml reaction mixture containing 10 6 neutrophils. The tubes were equilibrated in the Biolumat for 5 min at 37°C, after which the stimulus (0.1 ml) was added. The light emission was recorded continuously. To quantify intracellularly and extracellularly generated superoxide, two different reaction mixtures were used. Tubes used for measurement of extracellular release of superoxide anion contained neutrophils, horseradish peroxidase (HRP; a cell-impermeable peroxidase; 4 U), and isoluminol (a cell-impermeable CL substrate; 6 ϫ 10 Ϫ5 M) (30) . By a direct comparison of the superoxide dismutase (SOD)-inhibitable reduction of cytochrome c and SOD-inhibitable CL, 7.2 ϫ 10 7 cpm was found to correspond to a production of 1 nmol of superoxide (a millimolar extinction coefficient for cytochrome c of 21.1 was used). Tubes used for measurement of intracellular generation of reactive oxygen species contained neutrophils, SOD (a cell-impermeable scavenger for O 2 Ϫ ; 50 U), catalase (a cell-impermeable scavenger for H 2 O 2 ; 2,000 U) and luminol (a cell-permeable CL substrate; 6 ϫ 10 Ϫ5 M). Results are presented as means and standard deviations (SD).
Marker analysis. The mobilization of subcellular organelles was determined by measuring the exposure of complement receptors 1 and 3 (CR1 and CR3, respectively) and the formyl peptide receptor (FPR) on the neutrophil surface as well as determining the release of gelatinase and vitamin B 12 -binding protein into the supernatant.
Exposure of CR1 was measured by labeling the cells with mouse anti-human CD35 (Dakopatts M0710; 10 l to a cell pellet of 10 6 cells) and subsequent binding of fluorescein isothiocyanate-conjugated goat anti-mouse immunoglobulin (DAKO F0479; 1/2,000). To measure CR3 exposure, the cells were labeled with phycoerythrin-conjugated monoclonal antibodies specific for CD11b (DAKO M741; 10 l to a cell pellet of 10 6 cells). The cells were examined by FACScan (Becton Dickinson, Mountain View, Calif.) (29) .
The amount of FPR on the cell surface was determined by incubating the neutrophils with radiolabeled fMLF in the presence or absence of excess unlabeled fMLF as described earlier (1) . In short, 100 l of dibutylphthalate mixed with dinonylphthalate (10:3, vol/vol) was layered on top of 10 l of urea (6 M) in Eppendorf tubes; 50 l of [ 3 H]fMLF (8 ϫ 10 Ϫ8 M) together with 50 l of KRG or unlabeled fMLF (4 ϫ 10 Ϫ5 M) in KRG was layered on top of the oil. Neutrophils (2 ϫ 10 6 ; 100 l) were added to the fMLF solution, and the tubes were incubated on melting ice for 1 h. The tubes were centrifuged at 9,000 ϫ g for 15 s in a Beckman microcentrifuge (Beckman Instruments, Fullerton, Calif.) to remove unbound peptide. The bottom of the centrifuge tubes (containing the pelleted cells) was excised and collected for determination of cell-bound radioactivity. The background (the measured value in the presence of excess unlabeled fMLF) was subtracted from all values.
Vitamin B 12 -binding protein was determined with the cyanocobalamin technique as described by Gottlieb et al. (18) . Gelatinase was measured using an enzyme-linked immunosorbent assay (ELISA) (24) .
Reagents. 
RESULTS

LPS-induced priming of neutrophil NADPH oxidase activity.
Neutrophil priming induced by bacterial LPS is a time-and temperature-dependent phenomenon. To establish a reference for comparison with the literature (13, 19, 43, 45) , we first measured fMLF-induced extracellular release of oxygen radicals from LPS-primed and unprimed neutrophils (Fig. 1 ). In agreement with previous studies, the response to fMLF was slightly increased in the cell population incubated at 37°C in the absence of LPS (1), while pretreatment of the cells with LPS for 30 min at 37°C showed a markedly enhanced response to fMLF (10 Ϫ7 M) ( Fig. 1) (13, 19) . No increase in response was detected in cells incubated with LPS at 4°C. There was no difference in superoxide production between LPS-primed and nonprimed neutrophils stimulated with the protein kinase C activator PMA (data not shown).
Next, we performed the same set of experiments but with fMLF instead of galectin-3 as the activator. Neutrophils pretreated with LPS at 37°C exhibited a pronounced extracellular release of oxygen radicals in response to galectin-3 (Fig. 2) . In contrast, neutrophils pretreated with LPS at 4°C or incubated at 37°C in the absence of LPS showed little or no response to galectin-3.
Galectin-3, in contrast to fMLF, also induces production of intracellular oxygen radicals (22) , presumably produced by NADPH oxidase present in the specific granules (for a review, see reference 12). In analogy to the extracellular response, galectin-3 induced an intracellular response in cells primed with LPS at 37°C but only a barely detectable or no response in the other cell populations (Fig. 3) .
NADPH oxidase activity in enucleated neutrophil cytoplasts. Cytoplasts, consisting of an organelle-free cytoplasm surrounded by plasma membrane, have successfully been used to assess the role of neutrophil granules in specific cellular FIG. 1. fMLF-induced extracellular release of oxygen radicals in LPS-primed and unprimed neutrophils. Cells were preincubated for 30 min at 4 or 37°C in the presence or absence of LPS (10 g/ml), after which they were stimulated with fMLF (10 Ϫ7 M). The extracellular release of superoxide anion was measured by isoluminol-amplified CL in the presence of HRP, and the CL responses are given as 10 6 cpm (Mcpm). Kinetics of a representative experiment as well as the mean peak value (ϩSD) of three experiments (inset) are shown.
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responses (11, 15) . We found that galectin-3 activated the NADPH oxidase in nonprimed neutrophil cytoplasts, with a similar time course and about 30% magnitude (Fig. 4) of an equivalent number of primed neutrophils (Fig. 2) . The NADPH oxidase activity was not further increased in cytoplasts pretreated with LPS (the ratio between the CL activity in LPS-treated and nontreated cytoplasts being 0.95 Ϯ 0.21 [n ϭ 3]). Likewise, LPS failed to prime cytoplasts when they were stimulated by fMLF (data not shown). LPS-induced mobilization of subcellular organelles. Receptors for galectin-3 are stored in the gelatinase and specific granules in peripheral blood neutrophils (16) . We have suggested that mobilization of these receptors to the cell surface is what renders the cells responsive to galectin-3 after in vitro priming with fMLF or in vivo extravasation (22) . Similarly, the FPR mediating the neutrophil response induced by fMLF is distributed among the plasma membrane, the secretory vesicles, and the gelatinase and specific granules (40) . To assess the possibility that granule mobilization and increased receptor expression on the cell surface is the cause of the priming effect induced by LPS, we examined the cell surface exposure of known membrane components (Fig. 5) and extracellular release of granule contents (Fig. 6 ) in the various cell populations described above.
Cells incubated at 4°C, with or without LPS, showed baseline surface expression of CR1, CR3, and FPR (Fig. 5) , as seen in 6 under all conditions tested. CR1 is a marker for the plasma membrane and secretory vesicles; CR3 and FPR are present in the secretory vesicles as well as in the gelatinase and specific granules. peripheral blood leukocytes, and no release of gelatinase or vitamin B 12 -binding protein (Fig. 6) . Thus, there was no evidence for mobilization of markers from intracellular stores at 4°C, which was expected since vesicle transport is blocked at low temperatures. Cells incubated at 37°C in the absence of LPS for 30 min showed a substantially increased cell surface exposure of CR1 but released only 13% of their gelatinase and 3% of their vitamin B 12 -binding protein. In resting cells, intracellular CR1 is localized mainly in the secretory vesicles (42) . Hence, the data indicate that these, the most easily mobilized neutrophil organelles, were extensively mobilized merely by incubation at 37°C as described previously (40) . The low release of gelatinase and vitamin B 12 -binding protein indicates mobilization of only a small fraction of the gelatinase and specific granules, respectively. CR3 and FPR are both localized, to different degrees, in all three mobilizable organelles, i.e., the secretory vesicles, gelatinase granules, and specific granules (6, 40, 41) . Thus, the moderate mobilization of CR3 and very slight mobilization (to 130% of control) of FPR after incubation at 37°C is in accordance with degranulation of the secretory vesicles.
The cells incubated at 37°C with LPS showed only a slight additional increase (over cells incubated at 37°C without LPS) in the surface exposure of CR1 and CR3 but a dramatic increase in the release of gelatinase (from 13 to 35%) as well as in the exposure of FPR (from 130 to 280%). The release of vitamin B 12 -binding protein from specific granules, however, increased only from 3 to 5%. Hence, the major effect of LPS was the mobilization of gelatinase granules, whereas it had only a slight effect on mobilization of specific granules. Since gelatinase is about equally distributed in gelatinase granules and specific granules, the percent mobilization of gelatinase granules can be estimated as 2 ϫ (percent release of gelatinase Ϫ percent release of vitamin B 12 -binding protein). With this calculation, about 60% of gelatinase granules were mobilized in the presence of LPS, whereas about 20% were mobilized at 37°C without LPS.
DISCUSSION
We show that galectin-3 is a potent agonist of LPS-primed neutrophils but not of unprimed peripheral blood cells and that degranulation of gelatinase granules is a major event induced by LPS in neutrophils. These results raise two questions. The first, how do the data relate to previously proposed mechanisms for neutrophil priming by LPS and other agents, we have begun to address. The second, what role does galectin-3 play in relation to the pathophysiological effects of LPS, is a question that at the present we can only speculate upon.
The major degranulation effect specifically related to LPS is, interestingly, mobilization of gelatinase granules with little mobilization of specific granules. As noted in Results, about 60% of the gelatinase granules but only 5% of the specific granules were mobilized in the cells treated with LPS at 37°C. Mere incubation of the cells at 37°C resulted in 20% mobilization of gelatinase granules but contributed 3% of the 5% of mobilized specific granules. The specific signaling inducing this exclusive degranulation of the gelatinase granules will be further investigated.
The molecular mechanisms behind LPS-dependent priming of the response to fMLF, the most widely studied agonist in this context, have been extensively discussed. The suggested mechanisms include alterations of intracellular signaling pathways (increased protein phosphorylation, phospholipase activity, intracellular Ca 2ϩ changes, and cross talk between Ca 2ϩ increase and tyrosine phosphorylation), altered assembly of the NADPH oxidase, and proteolytic processing of cell surface proteins (13, 19, 20, 43, 44, 47) . In addition, there are studies reporting an increased amount of FPR on LPS-primed neutrophils (32, 45) . This has not been regarded as a major mechanism behind the induction of the primed response, most probably due to the findings in a paper published in 1984 by Guthrie et al. (19) , which reported that LPS priming of the oxidative response was not accompanied by an increased number of cell surface FPR, at that time believed to be mobilized from a storage pool identified as the specific granules. However, since then, secretory vesicles and gelatinase granules, both of which store FPR (40), have been identified (7, 25) . Based on our findings that LPS priming is accompanied by increased exposure of the FPR on the cell surface, we challenge the prevailing view and suggest that receptor upregulation from granule stores indeed makes an important contribution to the LPSinduced priming of the neutrophil response to fMLF. In fact, in cells incubated at 4 or 37°C, without or with LPS, the relative levels of fMLF cell surface binding (100, 130, and 280, respectively [ Fig. 5] ) agree very well with the relative levels of fMLFinduced activation (100, 160, and 280, respectively [ Fig. 1]) . To further investigate the role of intracellular storage granules in LPS priming, we examined enucleated cytoplasts which lack such granules and have successfully been used for similar purposes (11, 15) . The galectin-3-induced NADPH oxidase response present in nontreated cytoplasts was not enhanced by LPS, supporting a role for granule mobilization in the priming process. The presence of galectin-3 responsiveness in nonprimed cytoplasts is not surprising since it is well known that the cytoplast preparation procedure (involving an ultracentrifugation step at 37°C in the presence of the actin-disrupting drug cytochalasin B) results in some granule mobilization (36) . 
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It is difficult to evaluate the exact magnitude of the activation in cytoplasts (about 30% of an equivalent number of neutrophils) since plasma membrane is lost during cytoplast preparation (37) . Additional effects related to gelatinase granule mobilization may also be important for the priming phenomenon. Proteases released from the gelatinase granules have been proposed to be involved in remodeling of the cell surface, resulting in shedding of interleukin-8 receptors, Fc␥RIII, L-selectin, and CR1 (5, 23, 33, 38) . Such proteolytic reorganization of the cell surface may result in increased accessibility or activation of other receptors. Mobilization of secretory vesicle or gelatinase granules also results in transfer of the b cytochrome (a membrane component of the NADPH oxidase) to the plasma membrane, which has been indicated to be a decisive effect of LPS priming resulting in enhanced assembly of the NADPH oxidase (13) .
Galectin-3 differs from fMLF in that it did not activate nonprimed peripheral blood neutrophils (Fig. 2) . It only slightly activated cells incubated at 37°C without LPS, whereas with LPS strong activation was seen. Hence, LPS converts the neutrophils from galectin-3 nonresponsive to galectin-3 responsive. This applies both to the extracellular (Fig. 2) and intracellular ( Fig. 3 ) production of oxygen radicals.
A reasonable explanation for the LPS priming of neutrophils vis-à-vis activation by galectin-3 is the transfer of galectin-3 receptors to the plasma membrane when gelatinase granules are mobilized. Previously we have shown that CD66a and CD66b (CEACAM1 and CEACAM8, respectively [4] ) are possible receptors for galectin-3 and reside in gelatinase granules of unprimed neutrophils (16, 22) . However, as with fMLF, we cannot exclude that other rearrangements of the cell surface accompanying gelatinase granule mobilization are also involved in the induction of galectin-3 responsiveness. Since LPS treatment did not affect the NADPH oxidase response to the protein kinase C agonist PMA, we conclude that direct effects on the NADPH oxidase assembly or activity are not plausible explanations of the priming effect.
The difference between fMLF and galectin-3 regarding responsiveness or priming is probably dependent primarily on receptor localization. The fMLF receptors are localized not only in gelatinase granules but also on the cell surface in resting cells as well as in the easily mobilized secretory vesicles. In contrast, very few of the galectin-3 receptors (CD66a and CD66b) are present on the surface of resting cells or in secretory vesicles but reside mainly in the gelatinase and specific granules. Thus, the increased responsiveness to fMLF in cells incubated only at 37°C is probably due primarily to mobilization of fMLF receptors from secretory vesicles, while galectin-3 still cannot bind and activate the cells. However, after mobilization also of the gelatinase granules, the response to fMLF increases further, and the response to galectin-3 appears.
Although the gelatinase granule release in cells incubated at 37°C without LPS is around 20% there is only a slight (much less than 20%) galectin-3-induced response. Since galectin-3-induced activation of neutrophils is dependent on the N-terminal, aggregating domain of the molecule (22) , a plausible explanation to the discrepancy is that the neutrophil surface has to expose a threshold amount of receptor molecules for an aggregation of galectin-3 to occur, thereby cross-linking receptors on the cell surface.
Infections involving gram-negative bacteria are accompanied by accumulation of LPS in the vicinity of the infection site. The involvement of inflammatory cells in this event is evident, and LPS induces the production of various inflammatory cytokines in monocytes and macrophages, enhancing the inflammatory process (34) . The activation of monocytes/macrophages by LPS also leads to an increased production and release of galectin-3 (2, 28) . The results we present here show that LPS in addition primes neutrophils to further activation by galectin-3. This suggests that galectin-3 may play an active role at the site of infection, exhibiting proinflammatory functions. Furthermore, the need for priming of the neutrophils to achieve a responding cell (e.g., to galectin-3) may per se be a regulatory mechanism, inducing a cellular response (such as release of toxic oxygen radicals) only at sites where it is functional and necessary, e.g., in inflamed or infected areas.
If released in sufficient amounts and systemically, LPS may cause the pathophysiological state known as bacterial sepsis or endotoxic shock, with subsequent failure of various organs. These frequently fatal syndromes appear to require neutrophil leukocytes. In cases of sepsis, LPS is probably the sole or major factor priming the neutrophils in the bloodstream. This results in a distinctive functional profile of the neutrophils in which they have decreased chemotactic responsiveness but increased adhesiveness and hypersensitivity to various activators of oxygen radical and protease release (46, 48) . Many host factors, including tumor necrosis factor alpha and other cytokines, have been implicated as such activators and thus as important cofactors to LPS in propagating the neutrophil-induced tissue injury seen in septic shock and organ failure; antagonists of them have been tried therapeutically without much success (21) . The present results suggest that neutrophils in this endotoxic state (46) have mobilized a major part of their gelatinase granules, and, moreover, have become hyperresponsive to galectin-3. This adds gelatinase granule contents, e.g., gelatinase, and galectin-3, to the host factors that might be important for development of septic shock and organ failure in conjunction with endotoxinemia.
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